ABSTRACT The control and user plane separation (CUPS) architecture becomes more appealing for higher mobility profiles with the densification of networks. Compared with the conventional architecture where the control plane and the user plane are closely coupled, CUPS architecture is envisioned to provide enhancement for networks in a flexible way, e.g., reducing latency on application service, while not affecting the functionality of the existing base stations (BSs). In this paper, we compare the performance of ultra-dense millimeter-wave networks with the CUPS architecture and the conventional architecture. An analytical framework is proposed to study the coverage probability, which takes the propagation characteristic of millimeter wave into consideration. The proposed framework is then simplified in an ultra-dense scenario, where two optimization problems are formulated to achieve the minimum handover cost subject to a certain coverage probability requirement. Numerical results show that the CUPS architecture outperforms the conventional architecture in terms of the coverage probability as well as the handover cost. Moreover, new insights are obtained on the deployment of ultra-dense millimeter-wave networks. To be specific, the handover cost of networks with the conventional architecture can be effectively reduced by adding more macrocell BSs, while it is beneficial to add smaller cell BSs into networks with the CUPS architecture.
I. INTRODUCTION
As the popularization of smart devices and the proliferation of video and other applications, data traffic has been doubling on an annual basis in recent years. In this context, ultra-dense deployment of small cell base stations (SBSs), relay nodes, and distributed antennas is considered as a de facto solution for realizing the significant performance improvements needed to accommodate the overwhelming future mobile traffic demand [1] , [2] . Deploying more BSs within the same geographical region reduces the footprint of each BS, and thus, decreases the number of users served by each BS [3] . Therefore, it is envisioned that operators will densify their networks by deploying more SBSs which are flexible and low-cost. However, as the denser of networks, the coverage of each BS shrinks and the distance between a mobile user (MU) and an associated BS gets closer, which causes two problems. Problem #1: Mobility management becomes more complex because handovers will frequently happen even for low-mobility MUs, and an MU may even incur handover failure if the handover latency is more than the cell dwell time [4] ; Problem #2: As the distance between a transmitter and a receiver decreases, the probability that a lineof-sight (LoS) path exists between them increases, thereby causing a transition from non-line-of-sight (NLoS) transmission to LoS transmission with a higher probability [5] , [6] .
With a logical split between control plane (CP) and user plane (UP, aka data plane), the control and user plane separation (CUPS) architecture is proposed as a potential solution for solving Problem #1. In the CUPS architecture, macrocell BSs (MBSs) serve as control BSs, which provide the connectivity services, and control signaling is transmitted via MBSs only. Under this circumstance, each small cell MU has a double association where the data is provided by SBSs and the control signaling is through MBSs.
In the current 5G standard discussion on split options, the network can be generally split into central unit and distributed unit. The central unit is a logical node that includes the next generation NodeB (gNB) functions like transfer of user data, mobility control, radio access network sharing, etc. While the distributed unit includes a subset of the gNB or the LTE evolved NodeB (eNB) functions, depending on the functional split option. The connectivity between the central unit and the distributed unit, i.e., control plane and user plane connectivity, is provided over front-haul interface [7] . In June 2017, the 3rd Generation Partnership Project (3GPP) has completed the Release 14 specification of CUPS [8] , set to be a key core network feature for many operators. CUPS allows for: 1) Reducing latency on application service, e.g., by selecting UP BSs which are closer to the radio access network (RAN) or more appropriate for the intended MU usage type without increasing the number of CP BSs; 2) Supporting increase of data traffic, by enabling to add user plane BSs without changing the number of serving gateway (SGW), PDN gateway (PGW) in the network; 3) Locating and scaling the CP and UP resources of the evolved packet core (EPC) BSs independently, etc.
Recently, several studies [3] , [4] , [9] - [11] have focused on the CUPS architecture. Ibrahim et al. [3] used stochastic geometry to develop a tractable mobility-aware model for a two-tier downlink cellular network with ultra-dense small cells and CUPS architecture. However, the assumption that path loss exponents in different tiers are the same is not practical when quantifying the effect of mobility. Sun et al. [4] utilized the probability suffix tree model to save and analyze the transition relationships between small cells. Their simulation results show that their proposed scheme can significantly improve the prediction accuracy with a lower redundant configuration cost and can efficiently speed up the data plane handover process compared with the traditional mobility management. In [9] , a new hybrid automatic repeat request (HARQ) protocol is proposed for the CUPS architecture, where the possible spare resources on lower frequency bands of macrocells excluding those used by CP transmissions can be utilized to help small cells relay erroneously received data.
Regarding Problem #2, a novel path loss model is needed. Different from most prior work analyzing network performance where the propagation path loss between the BSs and the MUs follows the same power-law model, in this paper, we consider the co-existence of both NLoS and LoS transmissions, which frequently occur in urban areas. More specifically, for a randomly selected MU, BSs deployed according to a homogeneous Poisson point process (PPP) are divided into two categories, i.e., NLoS BSs and LoS BSs, depending on the distance between BSs and MUs. It is well known that LoS transmission may occur when the distance between a transmitter and a receiver is small, and NLoS transmission is common in office environments and central business districts.
In this context, Ding et al. [5] studied the coverage and capacity performance by using a multi-slop path loss model incorporating probabilistic NLoS and LoS transmissions. The coverage and capacity performance in millimeter wave cellular networks are studied in [12] - [14] . In [12] , a threestate statistical model for each link was assumed, in which a link can either be in an NLoS, LoS or an outage state. In [13] , self-backhauled millimeter wave cellular networks are characterized assuming a cell association scheme based on the smallest path loss. However, both Renzo [12] and Singh et al. [13] assume a noise-limited network, ignoring inter-cell interference, which may not be very practical since modern wireless networks work in the interference-limited region. In [14] , the coverage probability and capacity were calculated in a millimeter wave cellular network based on the smallest path loss cell association model assuming multipath fading modeled as Nakagami-m fading, respectively. However, shadowing was ignored in their models, which may not be very practical for an ultra-dense heterogeneous network.
To address issues caused by Problem #1 and Problem #2, an analytical framework for CUPS architecture is proposed to study the coverage and handover performance, by taking into account the propagation characteristic of millimeter wave. The main contributions of this paper are summarized as follows:
1) A unified framework: An analytical framework for evaluating the coverage performance of CUPS architecture as well as the conventional architecture, i.e., the control plane and the user plane are not split, is proposed. Through network transformation, the effect including multi-path fading, antenna directivity gain, and NLoS/LoS transmission can be handled uniformly, which reduces the complexity of coverage performance evaluation. Moreover, for an ultra-dense scenario, where NLoS transmission is ignored, we propose a model to evaluate the handover cost of the CUPS architecture and the conventional architecture. 2) Handover cost optimization: In order to solve the problems of frequent handover, optimization problems on the handover cost are formulated for networks with the CUPS architecture and the conventional architecture respectively, subject to a certain coverage requirement. 3) Network deployment insights: From the formulated optimization problems and the analytical results obtained, we shed light on network deployment, indicating that it is better to reduce the handover cost for networks with the conventional architecture by adding more MBSs into the existing networks; in contrast, it is better to reduce the handover cost for networks with the CUPS architecture by adding more SBSs into the existing networks. The remainder of this paper is organized as follows. Section II introduces the system model including CUPS architecture and channel modeling. In section III, the 54740 VOLUME 6, 2018 coverage probability for the conventional architecture and the CUPS architecture are derived, respectively. In Section IV, two optimization problems for minimizing the handover cost while guaranteeing the minimal coverage requirement are formulated. In Section V, the analytical results are validated via Monte Carlo simulations. Besides, the insights of network deployment are studied. Finally, Section VI concludes this paper.
II. SYSTEM MODEL
In this paper, a 2-tier heterogeneous millimeter-wave small cell network (SCN) is investigated. Assume that BSs of each tier are spatially distributed on the infinite plane and locations of BSs follow independent homogeneous Poisson point processes (HPPPs) [15] , [16] denoted by k = X k,i with an density λ k , k ∈ {1, 2} def = K, where X k,i denotes the location of BS in the k-th tier. Mobile users (MUs) are deployed according to another independent HPPP denoted by u with an density λ u , where λ u λ k for an assumption of fullyloaded networks. BSs belonging to the same tier transmit using the same constant power. Besides, the bandwidth is shared by all tiers in the conventional architecture networks, while bandwidth is separated by 2 tiers and shared in the respective networks. It is noted that each MU has a double association, e.g., MU1 receives control signaling from MBS2 and data signal from SBS1. Also note that MU3 receives signaling from MBS1 instead of MBS2 which is closer to MU3, because the LoS link is blocked by trees.
A. CUPS ARCHITECTURE
As illustrated in Fig. 1 , in the CUPS architecture, MBSs serve as the control BSs, which provides the connectivity services and control signaling is transmitted via MBSs only. Under the circumstances, each small cell MU has a double association where the data is provided by SBSs and the control signaling is through MBSs. Moreover, ideal fronthauls are assumed in our work, where fronthaul constraints such as bandwidth and latency are not considered. and a BS in tier k, the path loss is given as follows
where 
denote the probability of the occurrence of NLoS and LoS transmissions, respectively.
2) MULTI-PATH FADING
Similar with differentiating NLoS and LoS transmissions in path loss, the links between MUs and BSs should be subjected to different multi-path fading models, i.e., NLoS and LoS transmissions are concatenated with Rayleigh fading and Rician fading, respectively, or follows independent Nakagami-m fading with different parameters. However, our prior study [6] , [16] show that multi-path fading has a minor impact on the coverage probability performance. In this context, it is assumed that each link follows independent Rayleigh fading for simplicity, i.e., h
3) ANTENNA DIRECTIVITY GAIN Similar to [14] , antenna arrays at all transceivers are deployed to accomplish directional beamforming. Moreover, sectored antenna model is used to approximate the beamforming pattern for tractable analysis. In detail, the antenna directivity gain of BS X k,i is given by
where M t k and m t k are the main and side lobe gains, respectively, φ is the angle off the boresight direction, and θ k is the beamwidth of the main lobe. Similarly, the the antenna directivity gains of MUs is M r u for the main lobe and m r u for the side lobe, respectively. Without loss of generality, it is assumed that the beamwidth of the main lobe at the MUs is θ u . It is noted that that angles of arrival (AoA) and angles of departure (AoD) for all LoS and NLoS links are independently and uniformly distributed in (0, 2π ], therefore, the total antenna directivity gain G total k = a n k of the communication link between the MUs and BSs have 4 patterns with probability b n k , which are summarized in Table 2 .
III. COVERAGE ANALYSIS OF ULTRA-DENSE mmWave SCNs
In this section, a method, namely network transformation is first presented to unify network analysis. Then the coverage probabilities of networks with the conventional architecture and the CUPS architecture are derived, respectively.
A. RECEIVED SINR
The received signal power of the typical MU from a BS located at X k,i is given by
where P t k is the transmit power from BSs in the k-th tier. For the conventional architecture, the aggregate interference comes from all BSs except for the serving BS. While the aggregate interference for the CUPS architecture merely comes from the BSs belonging to the same tier. The aggregate interference powers of the two kinds of different architecture are presented as follows
It is further assumed that the typical MU is associated with the serving BS based on the maximum average received signal power, i.e., the multi-path fading is average out during the association procedure. Both MUs and BSs estimate channels including AoAs and shadowing, and then adjust their antenna steering orientations accordingly to exploit the maximum directivity gain. In this context, the total directivity gain of the desired transmission link is G total
While for the interference transmission link, the total directivity gain is random and have already listed in Table 2 . As a consequence, the received SINR of two kinds of architecture for the typical MU is given as follows
where η denotes the noise power at the MU side, which is assumed to be the additive white Gaussian noise (AWGN).
For clarity of exposition, we definê
54742 VOLUME 6, 2018 which respectively denotes the total antenna directivity gain ration of the main lode the path loss exponent ratio when BS in the k-th tier is serving the typical MU.
B. NETWORK TRANSFORMATION
As NLoS/LoS transmissions, multi-path fading, shadowing and antenna directivity gain are all included in our model, the mathematical analysis becomes much more complicated.
In this context, we develop a unified approach, namely network transformation by transforming the original network to an equivalent simplified network, to reduce the complexity.
Using the manipulation in [6] and [17] , Eq. (3) can be written as
where
By adopting the Equivalence Theorem in [6] and [17] , it is concluded that the distance
, U ∈ U are mutually independent with each other and the intensity measures and intensities are provided in Lemma 1 as below.
Lemma 1: The intensity and the intensity measure of U k can be formulated as
The proof can be referred to [6, Appendix A] and thus omitted here.
Aided by the network transformation and stochastic geometry tool, the downlink coverage probability for two kinds of network architecture can be obtained in the following subsection.
C. DOWNLINK COVERAGE PROBABILITY ANALYSIS
In this subsection, the coverage probability for the conventional architecture will be derived first and then for the CUPS architecture. The coverage probability is defined as the probability that the typical MU's measured SINR is higher than a designated threshold T , i.e.,
where the definition of SINR is given by Eq. (6) and Eq. (7), and the subscript i is omitted here for simplicity. Next, the coverage probability will be presented explicitly.
Theorem 1: For a designated threshold T k , the downlink coverage probability for a typical MU in a 2-tier heterogeneous millimeter-wave SCN with the conventional architecture is given by
Proof: See Appendix. Note that even though the coverage probability is derived in a 2-tier SCN, the results in Theorem 1 can readily be generalized to a K -tier network. Besides, for omnidirectional antennas, i.e., θ k = θ u = 2π , our results can be applied as well. In a word, through network transformation, multi-path fading, antenna directivity gain, and NLoS/LoS transmission can be handled uniformly, which reduces the complexity of coverage performance evaluation. In the following, we will focus the coverage probability of networks with the CUPS architecture.
Theorem 2: For a designated threshold T k , the downlink coverage probability of user plane for a typical MU in a 2-tier heterogeneous millimeter-wave SCN with the CUPS architecture is given by
Eqs. (16)- (19) as in Theorem 1. Proof: The proof is similar to that of Theorem 1. The differences lie in the derivation of Part II that in networks with CUPS architecture the interference in the k-th tier comes merely from the same tier instead of all tiers.
Similarly, it is noted that the results in Theorem 2 can be generalized to a K -tier network or networks with omnidirectional antennas.
IV. HANDOVER ANALYSIS AND OPTIMIZATION FOR ULTRA-DENSE mmWave SCNs
In this section, handover cost of the conventional architecture and the CUPS architecture are firstly explicitly analyzed and compared. Then we perform an optimization problem exploring the minimal handover cost under the coverage probability constraint.
A. HANDOVER COST ANALYSIS
In this subsection, the effect of MU mobility will be taken into consideration to compare the handover cost of two kinds of network architecture. The assumption that the network is ultra-dense allows us to further simplify the network model [14] 
k , which indicates that NLoS transmissions can be ignored.
In the ultra-dense networks, the intensity measure is irrelevant to distance which is given by Lemma 1 where (a) is due to the assumption that NLoS transmissions can be ignored and thus p L k (z) = 1. We further definē
which is a constant. Inspired by Hsueh and Liu [18] , Sadr and Adve [19] , and Ge et al. [20] , the vertical handover between BSs in different tiers is equivalent to a horizontal handover between BSs in the same tier. Denote Pr H kj |r k , θ andH kj as the respective probability and event that there is no handover from BSs in the k-th tier to BSs in the j-th tier, where the r k and θ are the movement distance and direction, respectively. Using the null probability of the PPP, Pr H kj |r k , θ is derived as follows
where A and B respectively denote the equivalent area illustrated in [18, Fig. 1 ]. By taking an expectation over r k and θ , the probability that there is no handover from BSs in the k-th tier to BSs in the j-th tier is given by
,R 2 j = r 2 + v 2 + 2rv cos t and v is the velocity of the typical MU. A Lemma which calculates the overall handover probability is presented as follows.
Lemma 2: The overall handover probability for a typical MU moving with a velocity v in a 2-tier heterogeneous millimeter-wave SCN is
where A k and H k are the respective the per-tier association probability and per-tier handover probability, which are given in [19] and [21] as follows
and
k . Remark 1: Note that the handover probabilities for the conventional and the CUPS architecture networks are the same.
In the conventional architecture, the typical MU may change the serving BSs including the control BS and the data BS upon each handover. Moreover, if the X2 interface is not available between the associated BS and the typical MU, handovers are uniformly managed by the mobility management entity (MME) which is usually deployed in the core network. Otherwise, the handover signaling is performed via the X2 interface without involving the core network [3] . While in the CUPS architecture, each small cell MU has a double association where the data is provided by the SBS and the control signaling is transmitted through the MBS. In this context, two types of handover occur in the CUPS architecture, i.e., 1) when an MU moves cross the boundary between two adjacent MBSs, handovers are managed through the X2 interface if available; otherwise, the handover is managed by the MME; 2) as long as an MU is in the coverage of the same MBS, the handover from an MBS to an SBS, the handover from an SBS to an MBS, and the handover among two SBSs are all managed by the associated MBS.
Remark 2: According to 3GPP, if X2 is not available, handover signaling is sent via S1 to MME. If X2 is available, handover signaling and packet forwarding take place via X2, but MME is still informed. Thus, in both cases, MME is involved. But if X2 is available, the delay will be reduced [8].
Let d CON andd CON denote the costs (latencies) when X2 interface is available and unavailable, respectively. And p CON X2 is the probability that the X2 interface is available. Then for a 2-tier heterogeneous millimeter-wave SCN with the conventional architecture, the total handover cost is given as follow.
where H total is given by Eq. (25) . Similarly, the total handover cost for a 2-tier heterogeneous millimeter-wave SCN with the CUPS architecture is derived by
where H 11 is handover probability between BSs in tier 1, p CUPS X2 is the probability that the X2 interface is available, d CUPS 1 andd CUPS 1 denote the cost when X2 interface is available and unavailable when an MU moves cross the boundary between two adjacent MBSs, respectively, d CUPS 2 is the cost when the typical MU is in the coverage of the same MBS, i.e., no handovers occur between two MBSs.
B. PERFORMANCE OPTIMIZATION
In this subsection, the optimal deployment strategy is formulated by exploring the minimal handover cost under the coverage probability constraint. To be specific, for a 2-tier heterogeneous millimeter-wave SCN with the conventional architecture, the optimization problem is
where p min cov is the minimal coverage probability constraint.
While for a 2-tier heterogeneous millimeter-wave SCN with the CUPS architecture, the optimization problem is
As NLoS and LoS transmissions are incorporated into our model, the coverage probability is not a monotonically increasing function with respect to the BS density λ k like the cases in [2] and [22] - [24] anymore. Besides, the coverage probability function is not convex with respect to λ k , either. Therefore, the optimization problem under consideration should be tackled numerically. Exhaustive search algorithms are well-suited for tackling the problem considering that the objective function derivative is not available analytically and its accurate evaluation is resource-intensive. Brent's algorithm [25] and heuristic downhill simplex method [26] can be utilized to obtain the solutions of OP1 and OP2 in exponential time.
V. SIMULATIONS AND DISCUSSIONS
A 2-tier HetNet is considered in our analysis. MBSs are in Tier 1 and SBSs are in Tier 2. We assume that P 1 = 46 dBm, [6] , [13] , [14] , [27] -[29] unless stated otherwise. Fig. 3 illustrates the coverage probability vs. SINR threshold in dB unit. This figure shows that the analytical results match well with the simulation results, which validates the accuracy of our derived expressions. Moreover, it is noted from this figure that the per tier coverage probability and the total coverage probability with the CUPS architecture are respectively higher than those with the conventional architecture. The reason behind is that network with the CUPS architecture has no cross-tier interference due to bandwidth split which is presented in Eq. (4) -Eq. (5).
A. VALIDATION OF THE ANALYTICAL RESULTS OF p c (λ, T ) WITH MONTE CARLO SIMULATIONS
In Fig. 4 , we compare the coverage probability in different scenarios, i.e., LoS transmission only, both LoS transmission and NLoS transmission, and both LoS transmission and NLoS transmission with no antenna gain. In general, the coverage probability of networks with the CUPS architecture is higher than that with the conventional architecture. The coverage probability with no antenna gain is the lowest as directional beamforming can increase the desired signal power and decrease the interference power as well. Moreover, the coverage probability of networks with LoS transmission only is lower than that with both LoS transmission and NLoS transmission. It is because the former networks receive more interference than the latter as NLoS transmission incurs higher attenuation than LoS transmission. Fig. 5 shows the handover probability vs. SBS density λ 2 of inter-tier handover and intra-tier handover. With the increase of λ 2 , the total handover probability, the handover probabilities from an SBS to another SBS, and from an MBS to an SBS increase. This is because the coverage of an SBS shrinks as λ 2 increases and as a result, the typical MU has a larger probability to handover to an SBS when moving in a unit time. In contrast, the handover probability from an SBS to an MBS decreases. The handover probabilities from an MBS to another MBS remains the same as λ 1 is fixed. If λ 2 is fixed, the handover probability between two adjacent SBSs is higher than that from an MBS to an SBS. This is because λ 2 > λ 1 in our model. Hence, there is a higher probability that the typical MU which is now associated with an SBS comes from another SBS instead of an MBS. 6 illustrates the handover cost vs. SBS density λ 2 . This figure shows that with the increase of λ 2 , the handover cost of networks, whether with the conventional architecture or with the CUPS architecture, monotonously increases. It is because the coverage of an SBS shrinks as λ 2 increases and as a result, the typical MU has a larger probability moving cross more SBS in a unit time, which increases the total handover cost. When λ 2 is fixed, the handover cost decreases with the increase of p CON X2 for networks with the conventional architecture as well as decreases with the increase of p CUPS X2 for networks with the CUPS architecture. It is known that transmission latency through X2 interface is less than that through MME. As a result, a larger probability of the availability of X2 interface leads to a less handover cost. Moreover, the handover cost of networks with the CUPS architecture is less than that of networks with the conventional architecture. It is because in CUPS architecture networks, the handover signaling is handled merely by the MBS, which reduces a large amount of handovers between SBSs and handovers between MBSs and SBSs. 
B. HANDOVER COST MINIMIZATION
The minimal cost vs. the minimal coverage probability constraint, i.e., p min cov is presented in Fig. 7 . In this figure, when p min cov < 0.64, the minimal handover cost remains the same, though the values differ depending on architecture and velocity. This is because when p min cov is low, a low density of BSs can guarantee the coverage and it does not need to add more BSs as long as p min cov < 0.64. Hence, the topology of networks remains the static, which leads to the invariability of the minimal handover cost. When p min cov > 0.64, the minimal handover cost monotonously increases with the increase of p min cov . It is because when p min cov becomes larger, more BSs are needed to meet the coverage constraint and as the shrink of cell size, the typical MU has a larger probability moving cross more SBS in a unit time, which increases the total handover cost. Similarly, with a higher velocity of the typical MU, it has a larger probability moving cross more number of BS in a unit time, thus resulting in a larger minimal handover cost. Similar to Fig. 6 , it is apparent that networks with the CUPS architecture has a lower minimal handover cost as compared with that with the conventional architecture. Fig. 8 illustrates the optimal BS densities, i.e., λ 1 and λ 2 , for achieving the minimal handover cost. The optimal densities of networks with two architectures are quite different as observed from our results. For OP1: networks with the conventional architecture, when p min cov < 0.64, λ 1 and λ 2 are fixed, thus, the topology of networks remains the same. When p min cov > 0.64, at first, it is needed to add more MBSs to increase the coverage while the density of SBSs can still remain static; when p min cov > 0.66, the density of SBSs, i.e., λ 2 , starts to increase. By contrast, for OP2: networks with the CUPS architecture, tendency is opposite. When p min cov is small, saying that p min cov < 0.64, λ 1 and λ 2 are fixed, thus, the topology of networks does not need to change. However, when p min cov > 0.64, contrary to the observation in OP1, the density of SBSs starts to grow rapidly while λ 1 remains the same. The reason for the different tendencies in OP1 and OP2 lies in that MBSs and SBSs function the same in OP1 to provide coverage and handover management, thus a fewer number of MBSs can provide the same coverage while requiring less handover cost as the transmit power of MBSs is larger than that of SBSs. As for OP2, the handover is managed by MBSs. To reduce the handover cost, there is no need to add more MBSs to increase handover cost and the coverage can be alternatively guaranteed by adding more SBSs. Fig. 6 shows that handover cost (latency) is reduced by using CUPS architecture. CUPS architecture provide an alternatively way to reduce the handover cost instead of increasing X2 interface. Fig. 7 and Fig. 8 indicate that tradeoff exists between the coverage probability and the handover cost. The above result indicate that it is better to reduce the handover cost for networks with the conventional architecture by adding more MBSs into the existing networks; in contrast, it is better to reduce the handover cost for networks with the CUPS architecture by adding more SBSs into the existing networks. Deploying SBSs is proven to be more flexible and less-cost, which is a promising way for the operator to enhance MU's quality of experience (QoE) as well as minimize the capital expenditure (CPEX) and part of the operating expenses (OPEX) of operators.
C. DEPLOYMENT INSIGHTS

VI. CONCLUSIONS
In this paper, we proposed a unified framework for analyzing the performance of ultra-dense millimeter-wave networks with the CUPS architecture. To solve Problem #1 and Problem #2, we analyzed the critical performance metrics including coverage probability and handover cost for ultradense millimeter-wave networks, by taking the mobility of MU into consideration. We then use the developed framework to quantify the performance gains offered by the CUPS architecture over the conventional architecture where CP and UP are coupled. Moreover, for an ultra-dense scenario, optimization problems on the handover cost are formulated for both the conventional architecture and the CUPS architecture. Numerical results indicate that the handover cost of networks with the conventional architecture can be effectively reduced by adding more MBSs, while it is beneficial to add more small cell SBSs into networks with the CUPS architecture. This makes the CUPS architecture a key-enabling architecture for the ultra-dense deployment of the Future fifth generation (5G) networks.
APPENDIX PROOF OF THEOREM 1
Using the law of total probability, we can calculate coverage probability
where the first part and the second part on the right side of the equation denote the conditional coverage probability that the typical MU is in the coverage of NLoS BSs and LoS BSs, respectively, by observing that the two events are disjoint. Given that the typical MU is served by a NLoS BS and an the maximum average received power is denote by P NL k , i.e.,
. Then
where Y NL k is the equivalent distance between the typical MU and the BS providing the maximum average received power to the typical MU in NL
k , and also note that
We label the forumulas before and after the product sign ''× as Part II and Part I, respectively. For Part I,
where Y L k , similar to the definition of Y NL k , is the equivalent distance between the typical MU and the BS providing the maximum average received power to the typical
k , and (a) follows from the void probability of a PPP.
For Part II, we know that SINR
The conditional coverage probability can be derived as follows
54748 VOLUME 6, 2018 where in (a) the event E
and I L j evaluated at s with the MARP association scheme, respectively. We derive L 1
where in (a) the lower limit of integral is
Eq. (33) should be calculated by taking the expectation with respect to Y NL k in terms of its PDF, which is given by
as in [6] . 
